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FOREWORD 
This i s  a s p e c i a l  t echn ica l  r e p o r t  of a s tudy  conducted by t h e  
E l e c t r i c a l  Engineer ing Department under the  ausp ices  of t h e  Engineer ing 
Experiment S t a t i o n  toward t h e  f u l f i l l m e n t  o f  t h e  requirements  p re sc r ibed  
i n  NASA Cont rac t  NAS8-20557. 
ii 
ANALYSIS AND OPTIMIZATION OF AN 
OMNI - D I R E C  T IONAL DIREC T I  ON FINDING SYSTEM 
E .  R.  Graf and J .  M. Beste  
ABSTMCT 
The purpose of any d i r e c t i o n  f i n d i n g  system i s  t o  o b t a i n  informat ion  
from which the  d i r e c t i o n  of a r r i v a l  of an e l ec t romagne t i c  wave may be 
determined.  Convent ional  techniques f o r  accomplishing t h i s  i nc lude  n u l l  
s eek ing  an tennas  whose d i r e c t i o n a l  c h a r a c t e r i s t i c s  are a l t e r e d  mechani- 
c a l l y  o r  e l e c t r i c a l l y ,  h i g h l y  d i r e c t i o n a l  an tennas  which can  l o c a l i z e  a 
r e g i o n  i n  space ,  and an tennas  whose elements  u t i l i z e  t i m e  and space phase 
d isp lacement .  These d i r e c t i o n  f i n d e r s  s u f f e r  from one o r  more of t he  
fo l lowing  d i sadvan tages :  (1)  they r e q u i r e  mechanical  p o s i t i o n i n g ,  
( 2 )  t hey  r e p r e s e n t  l a r g e  phys ica l  s t r u c t u r e s ,  and ( 3 )  t h e  d i r e c t i o n  
informat ion  i s  redundant  or  i s  not  i n  a r e a d i l y  u s a b l e  form. The d i r e c -  
t i o n  f i n d i n g  system desc r ibed  h e r e i n  does n o t  s u f f e r  from any of t hese  
d i sadvan tages .  
The d i r e c t i o n  of a r r i v a l  of an  e l ec t romagne t i c  wave above a plane 
e a r t h  may be uniquely  descr ibed  i n  terms of any of s e v e r a l  space coord i -  
n a t e  systems.  I n  p a r t i c u l a r ,  the knowledge of t h e  d i r e c t i o n  cos ines  
w i t h  r e s p e c t  t o  two perpendicular  axes ,  bo th  of which l i e  i n  t h e  h o r i -  
z o n t a l  p l a n e ,  i s  necessary  and s u f f i c i e n t  t o  d e s c r i b e  completely t h i s  
d i r e c t i o n  of a r r i v a l .  Information i n  t h e  e x p l i c i t  form of d i r e c t i o n  
c o s i n e s  ( o r  d i r e c t i o n  c o s i n e  analogs)  i s  h i g h l y  d e s i r a b l e  i n  many a p p l i -  
c a t i o n s .  By means of s imple analog c i r c u i t r y ,  t h e  informat ion  may be 
conve r t ed  i n t o  t h a t  r e l a t i n g  t o  o t h e r  c o o r d i n a t e  systems i f  t h i s  i s  
d e s i r e d .  
iii 
It i s  w e l l  known t h a t  d i r e c t i o n  c o s i n e s  appear as phase f a c t o r s  on 
t h e  t e r m i n a l  v o l t a g e s  i n  l i n e a r  a r r a y s .  A d i f f i c u l t y  a r i s e s  i n  a c t u a l l y  
determining t h e s e  d i r e c t i o n  cos ines  by phase measurement, because of t h e  
unavoidable  mutual impedances among t h e  elements  making up t h e  a r r a y .  
By choosing an a r r a y  w i t h  t h e  proper s p a t i a l  symmetry, and by t h e  use of 
s i g n a l  p r o c e s s i n g  equipment, t h e  u n d e s i r a b l e  mutual impedance e f f e c t s  
may be  e l i m i n a t e d  from t h e  system e q u a t i o n s .  E s s e n t i a l l y  o m n i d i r e c t i o n a l  
an tenna  elements  are r e q u i r e d  t o  observe t h e  hemisphere above a p lane  
e a r t h  . 
I n  o r d e r  f o r  a n  o p e r a t i o n a l  d i r e c t i o n  f i n d i n g  system to  derive a c c u r a t e  
d i r e c t i o n  informat ion ,  t h e r e  a r e  c e r t a i n  components and characterist ics 
o f  t h e  system t h a t  need t o  be analyzed and opt imized.  Both a n a l y t i c a l  
and exper imenta l  work was done i n  t h i s  i n v e s t i g a t i o n ,  and i n c o r p o r a t i n g  
t h e  r e s u l t s  i n t o  a d i r e c t i o n  f i n d i n g  system should produce a system 
c a p a b l e  of  f u r n i s h i n g  a phase measuring device  w i t h  a c c u r a t e  d i r e c t i o n  
i n f o r m a t i o n  . 
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I. I n t r o d u c t i o n  
When a ground-based s t a t i o n  employs scanned a r r a y s  f o r  c m u n i -  
c a t i n g  w i t h  a n  o r b i t i n g  space v e h i c l e ,  i t  i s  obviously very  impor tan t  
f o r  t h e  ground s t a t i o n  t o  be able t o  determine t h e  p o s i t i o n  of t h e  
space v e h i c l e  a t  a l l  t i m e s .  
The o p e r a t i o n a l  d i r e c t i o n  f i n d i n g  system cons idered  i n  t h i s  
r e p o r t  i s  designed t o  provide  the ground s t a t i o n  w i t h  t h i s  d i r e c t i o n  
informat ion  by s y n t h e s i z i n g  t w o  v o l t a g e s  w i t h  phase angles  t h a t  are 
p r o p o r t i o n a l  t o  t h e  d i r e c t i o n  cos ines  of  t h e  space v e h i c l e .  The 
d i r e c t i o n  c o s i n e s  a r e  referenced t o  two or thogonal  axes a t  t h e  ground 
s t a t i o n .  
The d i r e c t i o n  f i n d i n g  system d e r i v e s  t h e  d i r e c t i o n  c o s i n e s  of  
t h e  d i r e c t i o n  o f  a r r i v a l  of an e lec t romagnet ic  wave t r a n s m i t t e d  
from a g iven  space v e h i c l e .  Since t h e  s t r e n g t h  of  t h e  s i g n a l  r e c e i v e d  
by t h e  d i r e c t i o n  f i n d i n g  antenna w i l l  be very  s m a l l ,  it i s  d e s i r a b l e  
t h a t  t h e  power d i s s i p a t e d  i n  t h e  d i r e c t i o n  f i n d i n g  system be minimized. 
I n  o r d e r  t h a t  t h e  d i r e c t i o n  f i n d i n g  system be as e f f i c i e n t  as 
p o s s i b l e ,  t h e r e  must be a complete unders tanding  of how each compo- 
ment of t h e  system f u n c t i o n s ,  and how each component should be 
opt imized .  This  r e p o r t  i s  concerned w i t h  making o p e r a t i o n a l  a n  
optimum d i r e c t i o n  f i n d i n g  system of t h e  type p r e v i o u s l y  d e s c r i b e d .  
I n  Chapter  I1 a n  a n a l y s i s  o f  how t h e  d i r e c t i o n  informat ion  can  
be obta ined  i s  provided .  I n  Chapter I11 a n  a n a l y t i c a l  s t u d y  i s  con- 
duc ted  f o r  t h e  purpose of  determining t h e  b e s t  e lements  f o r  u s e  
1 
2 
i n  t h e  d i r e c t i o n  f i n d i n g  antenna,  and equat ions  are d e r i v e d  f o r  t h e  
v o l t a g e s  from which t h e  d i r e c t i o n  informat ion  i s  o b t a i n e d .  
Chapter IV p r e s e n t s  the r e s u l t s  of a n  a n a l y t i c a l  s tudy  which 
surveyed t h e  d i f f e r e n t  components of t h e  system i n  o r d e r  t h a t  t h e  
components could be opt imized.  Chapter  V c o n t a i n s  t h e  exper imenta l  
o v e r ,  i n  Chapter V ,  some of the  a n a l y t i c a l  r e s u l t s  are compared 
w i t h  exper imenta l  r e s u l t s .  
11. A THEORETICAL DIRECTION FINDING SYSTEM 
Consider a c i r c u l a r  a r r a y  of i s o t r o p i c  p o i n t  sources  wi th  t h e  
coord ina te  system i l l u s t r a t e d  i n  F igure  1. 
Z& 
vehicle 
Figure  1--Coordinate System f o r  D i r e c t i o n  Finding Antenna. 
Taking t h e  c e n t e r  of t h e  a r r a y  as the  phase r e f e r e n c e ,  t h e  
v o l t a g e s  induced on the fou r  elements by t h e  s i g n a l  t r ansmi t t ed  
from the  v e h i c l e  are 
X 
j k a  cos  8 v = V f ( e , @ ) e  
j k a  cos  8 v2 = v f 2  (e,@)e 
- j k a  cos 8, v3 = v f 3  ( @ , @ ) e  
Y - j k a  cos  8 v4 = v f4 (@,@)e  
1 1 
Y 
I n  (1) t h e  q u a n t i t y  V depends only upon the  s t r e n g t h  of t h e  
i n c i d e n t  e l ec t romagne t i c  wave. The f . (e ,@) are f a c t o r s  d e s c r i b i n g  
1 
3 
4 
t h e  d i r e c t i o n a l  c h a r a c t e r i s t i c s  o f  t he  & element ,  and f o r  t h e  
t h e o r e t i c a l  i s o t r o p i c  p o i n t  sources now being cons ide red ,  the  f i  (e 
could  be  omit ted.  However, t o  f u r t h e r  s impl i fy  t h e  a n a l y s i s ,  
t h e  fi(e,d)) w i l l  be r e t a i n e d .  
dimensions t o  be taken  i n  wavelengths.  
The q u a n t i t y  k = 27r/A, and a l lows  
The complete s e t  of  equat ions  d e s c r i b i n g  the  a r r a y  i s :  
I n  
Z ,  t h e  
(2 )  Z i 1  i s  t h e  self-impedance, 211, of  each element ,  p l u s  
mpedance t h a t  each element s e e s  looking i n t o  t h e  t ransmiss  .on 
l i n e  feeding  it .  
213 i s  the  mutual impedance between two elements d i a m e t r i c a l l y  a c r o s s  
from each o t h e r .  
212 is t h e  mutual impedance of two ad jacen t  e lements .  
To decouple t h e  equa t ions  (2), fou r  sequence v o l t a g e s  can  be 
s y n t h e s i z e d  by adding t h e  vo l t ages  from each element i n  fou r  d i f f e r e n t  
sequences through d i f f e r e n t  length t r ansmiss ion  l i n e s  a c r o s s  a common 
load .  
Thus, V ( O )  t he  z e r o  sequence vo l t age  can  be obta ined  by adding 
t h e  v o l t a g e s  from each element through equa l  l eng th  l i n e s ,  ob ta in ing  
d o )  = I: I~ + + + 1 R . 
I 
I 
I 
I 
I 
I 
1 
I 
I 
I 
1 
' I  
I 
I 
I 
I 
1 
1 
1 
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By s u b s t i t u t i n g  (1) i n t o  (2) and s o l v i n g  f o r  t h e  sum of t h e  c u r r e n t s ,  
w e  o b t a i n  
We c a n  form t h e  "one" sequence by adding V1 through a l i n e  X wavelengths ,  
V 
wavelengths ,  and V 
common load R.  This  o p e r a t i o n  y i e l d s  
through a l i n e  X + 314 wavelengths,  V3 through a l i n e  X + 112 
2 
through a l i n e  X +  114 wavelengths a c r o s s  a 4 
v(') = I~ + j - l3 - j 1 ~ 1  R , 
and, by s o l v i n g  (2) f o r  t h e  p a r t i c u l a r  sum o f  c u r r e n t s ,  w e  f i n d  
jka c o s  8 j k a  c o s  eY - j k a  cos@, + j f2(8 ,@)e  - f3(@,@)e (1) - v -  
V ( 2 ) ,  t h e  second sequence vol tage ,  can  be synthes ized  by adding 
V1 th rough a l i n e  X wavelengths ,  V2 through a l i n e  x + 112 wavelengths ,  
V3 th rough a l i n e  X wavelengths ,  and V4 through a l i n e  x + 112 wave- 
l e n g t h s  a c r o s s  a common load R .  This o p e r a t i o n  y i e l d s :  
~ ( ~ 1  = [ - I2 + I - 141 R,  3 
I 
I 
, I  
I 
' I  
I 
I 
I 
I 
I 
I 
' I  
I 
I 
I 
I 
I 
I 
I 
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and by s o l v i n g  (2 )  f o r  t h e  p a r t i c u l a r  sum of c u r r e n t s  w e  f i n d  
- j k a  cos  8, - j k a  cos  By 1 
! .  + f3@,@)e  - f 4  (e,@) e 
(3) 
V , t h e  t h i r d  sequence vo l t age ,  can  be syn thes i zed  by adding 
V 
V3 through a l i n e  X + 1/2 wavelengths and V4 through a l i n e  X + 314 
wavelengths a c r o s s  a common load R. 
through a l i n e  X wavelengths,  V2 through a l i n e x  + 114 wavelengths,  1 
This  o p e r a t i o n  y i e l d s  
and by s o l v i n g  (2) f o r  t h e  p a r t i c u l a r  sum of  c u r r e n t s ,  w e  o b t a i n  
The sequence v o l t a g e s  may now be w r i t t e n :  
7 
where I Z ( i ) l  i s  the  magnitude of t h e  e sequence impedance, and Q i  
i s  t h e  phase of t h e  L t h  sequence impedance, and 
c l  = -ka cos ex 
cm = -ka COS G Y  . 
Before t h e  d i r e c t i o n  cos ines  can  be syn thes i zed ,  equa t ions  (3 )  
must be normalized,  which can  be achieved by adding t h e  c o r r e c t  
amount of a t t e n u a t i o n  and phase.  A f t e r  no rma l i za t ion ,  t h e  sequence 
v o l t a g e s  may be w r i t t e n :  
Now two v o l t a g e s  wi th  phase ang le s  d i r e c t l y  p r o p o r t i o n a l  t o  cos  8 
X 
and cos  eY may be synthes ized  by p rope r ly  combining equa t ions  (4) :  
8 
The direction cosines now appear explicitly as the only  phase 
factors on the voltages V1 and Vm if the f.(0,4)) have no phase 
variations with 8 or 4) .  
variation is necessary for phase measurements. The obvious choice 
(for most elements of practical importance) is: 
1 
A reference voltage which contains no phase 
-- 
(7) 
(O) is invariant s o  long as the fi(O,@) have for the phase of V 
no phase variation. 
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111. An Opera t iona l  D i r e c t i o n  Finding Antenna 
From t h e  previous  a n a l y s i s ,  i t  i s  e a s i l y  seen  how d i r e c t i o n  
informat ion  may be obta ined  by comparing the  phase of V1 and Vm 
wi th  VRef f o r  t h e  h y p o t h e t i c a l  a r r a y  of po in t  sou rces .  
o p e r a t i o n a l  d i r e c t i o n  f i n d i n g  system must make use of elements  o t h e r  
t han  p o i n t  sources .  Since the frequency of ope ra t ion  f o r  t h i s  par-  
t i c u l a r  d i r e c t i o n  f i n d i n g  system i s  138 MHz ( a  wavelength over 
seven  f e e t ) ,  t he  p h y s i c a l  s i z e  o f  an  e f f i c i e n t  r a d i a t o r  a t  t h i s  
f requency d i c t a t e s  t h a t  a l i n e a r  type element must be used. 
But an  
One b a s i c  requirement  t ha t  an  o p e r a t i o n a l  d i r e c t i o n  f i n d i n g  
an tenna  must meet i s  t o  be able  t o  r e c e i v e  a s i g n a l  of any p o l a r i z a -  
t i o n .  This  i s  necessary  because the  antenna on the  space v e h i c l e  
i s  l i n e a r l y  p o l a r i z e d ,  bu t  t he  a t t i t u d e  o f  t h e  space v e h i c l e  may 
cause  the  t r a n s m i t t e d  s i g n a l  t o  have any g iven  p o l a r i z a t i o n .  
Linear  e lements ,  such as d i p o l e s  and monopoles, are l i n e a r l y  
p o l a r i z e d ;  t h e r e f o r e ,  i n  order  f o r  t h e  d i r e c t i o n  f i n d i n g  an tenna  t o  
r e c e i v e  s i g n a l s  of any p o l a r i z a t i o n ,  a combination of l i n e a r  e lements  
must be used.  
A p r a c t i c a l  s o l u t i o n  t o  the p o l a r i z a t i o n  problem i s  t o  employ 
a r i n g  of h o r i z o n t a l  e lements  and a r i n g  o f  v e r t i c a l  e lements  w i t h  
each  r i n g  independent ly  fed .  An antenna of t h i s  type w i l l  ' respond 
t o  any p o l a r i z a t i o n ,  bu t  i t  r equ i r e s  two d i r e c t i o n  cos ine  s y n t h e s i s  
networks.  The d i r e c t i o n  f ind ing  system w i l l  obviously need some kind 
of l o g i c  t o  dec ide  whether t he  d i r e c t i o n  cos ines  should be de r ived  
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from t h e  v e r t i c a l  o r  from the  h o r i z o n t a l  r i n g ,  b u t  t h i s  can  e a s i l y  
be accomplished by a th re sho ld  device i n  the  d i r e c t i o n  f i n d i n g  
system r e c e i v e r .  
For t h i s  p a r t i c u l a r  sys tem t h e  r a d i u s  of t he  c i r c l e  on which 
the  elements  a r e  t o  be pos i t ioned  has  been p rev ious ly  s p e c i f i e d  
X / 4 .  
h o r i z o n t a l  r i n g  i s  X / 2 .  Therefore ,  an e x c e l l e n t  cho ice  f o r  t h e  ho r i -  
z o n t a l  e lements  i s  a half-wavelength cen te r - f ed  d i p o l e .  
As a r e s u l t ,  t h e  l o n g e s t  element t h a t  can  be used i n  the  
Before dec id ing  what element t o  use  f o r  t h e  v e r t i c a l  r i n g ,  t he  
problem of mul t ipa th  s i g n a l s ,  which in t roduce  e r r o r s  i n  d i r e c t i o n  
c o s i n e  measurements, w i l l  be  considered.  
The performance of a phase measuring system i s  e s p e c i a l l y  
s u s c e p t i b l e  t o  m u l t i p a t h  s i n c e  i t  must measure t h e  d i r e c t i o n  of 
t h e  incoming s i g n a l .  
i s  u s u a l l y  the  ground surrounding the  antenna.  The magnitude of 
t h e  mul t ipa th  s i g n a l  w i l l  vary wi th  the  r e f l e c t i o n  c o e f f i c i e n t  of 
t h e  e a r t h .  Because o f  t h i s  v a r i a t i o n  i n  the  e a r t h ' s  r e f l e c t i o n  
c o e f f i c i e n t ,  the  antenna w i l l  perform b e t t e r  i f  i t  i s  b u i l t  over 
a m e t a l l i c  ground p lane  wi th  a cons t an t  r e f l e c t i o n  c o e f f i c i e n t .  
The g r e a t e s t  source of mul t ipa th  s i g n a l s  
S ince  t h e r e  w i l l  need t o  be o t h e r  equipment i n  the  v i c i n i t y  of 
t h e  d i r e c t i o n  f i n d i n g  an tenna ,  it w i l l  be necessary  t o  e l e v a t e  the  
d i r e c t i o n  f i n d i n g  antenna i n  order t o  keep incoming s i g n a l s  from 
be ing  blocked. From f i g u r e  3 i t  c a n  be seen  t h a t  t h e  e f f e c t s  of 
t h e  m u l t i p a t h  s i g n a l s  w i l l  be inve r se ly  p r o p o r t i o n a l  t o  t h e  h e i g h t  
and  s i z e  of the  a n t e n n a ' s  ground p lane ,  and w i l l  be d i r e c t l y  pro- 
p o r t i o n a l  t o  t h e  h e i g h t  of  t h e  antenna above i t s  ground p lane .  
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From t h e  above d i s c u s s i o n  on mul t ipa th  deg rada t ion ,  i t  i s  
obvious t h a t  a good cho ice  f o r  t he  v e r t i c a l  e lements  i s  a mono- 
p o l e  wi th  i t s  t e rmina l  on t h e  ground p lane .  
different paths 
signal may take 
antenna's ground 
plane 
earth 
Figure  3 - -Ef fec t s  o f  Ground R e f l e c t i o n s  on 
t h e  Di rec t ion  Finding Antenna. 
Before dec id ing  on the  length of t he  v e r t i c a l  monopoles, o t h e r  
c o n s i d e r a t i o n s  of t h e  p r o p e r t i e s  of t he  d i r e c t i o n  f i n d i n g  antenna 
should  be taken  i n t o  account .  
S ince  t h e  v e r t i c a l  elements have a n u l l  i n  t h e i r  p a t t e r n  f o r  
8 = O o ,  i t  i s  necessary  f o r  the h o r i z o n t a l  e lements  t o  be a b l e  t o  
r e c e i v e  s i g n a l s  i n  t h e  v i c i n i t y  o f  8 = O o .  
above a ground p l a n e ,  t he  d i r e c t i o n a l  p a t t e r n  i s  maximum a t  8 = 0 
whenever the  h e i g h t  of t h e  d ipole  above t h e  ground p lane  i s  114 o r  
less, as can  be seen  from f i g u r e  4 .  
For a h o r i z o n t a l  d i p o l e  
13 
2 I h=O.IX I 2 
2 I h = 0 , 5 X  I 2 2 I h=I ,OX I 2 
F i g u r e  4--Radiat ion P a t t e r n s  of a XI4 Dipole 
f o r  D i f f e r e n t  Heights  Above a Ground Plane.  
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Also, f o r  h = X / 4  t h e  r e l a t i v e  f i e l d  s t r e n g t h  i s  g r e a t e r  i n  t h e  
v i c i n i t y  of 0 = 71/2 t han  when h < X l 4 ;  t h e r e f o r e ,  h = A/4 would be 
a b e t t e r  choice  than  some h < A / 4  f o r  r e c e i v i n g  h o r i z o n t a l l y  polar -  
i z e d  s i g n a l s  a long  t h e  ho r i zon .  
Another r eason  f o r  choosing h = x/4 i s  t h e  ease wi th  which 
both  ve r t i ca l  and h o r i z o n t a l  elements can  be fed .  S ince  c o a x i a l  
c a b l e s  w i l l  be used i n  t h e  d i r e c t i o n  cos ine  s y n t h e s i s  network, 
and s i n c e  d i p o l e s  must be fed  from a balanced l i n e ,  some type of  
ba lun  w i l l  be needed f o r  feeding the  d i p o l e s .  I f  a "bazooka" 
ba lun  i s  used ,  t hen  the  'oaluncan also be used f o r  one of  t h e  
elements  of a ver t ica l  fo lded  monopole. This  c o n f i g u r a t i o n  i s  shown 
i n  f i g u r e  5 .  
Since  the  elements  a r e  perpendicular  t o  each o t h e r ,  they  do 
no t  i n t e r a c t .  That i s ,  the  mutual impedance between h o r i z o n t a l  and 
v e r t i c a l  e lements  i s  e s s e n t i a l l y  ze ro .  The re fo re ,  t he  equa t ions  
f o r  V 
of t h e  h o r i z o n t a l  e lements ,  and v i c e - v e r s a ,  Moreover, because 
t h e  h o r i z o n t a l  and v e r t i c a l  r i n g s  are i s o l a t e d ,  t h e  equa t ions  f o r  
V1, Vm, and VRef w i l l  be t h e  same as f o r  t h e  a r r a y  of p o i n t  sou rces ;  
b u t ,  f o r  t h e  o p e r a t i o n a l  d i r e c t i o n  f i n d i n g  system, the  f i (O,@) 
w i l l  have t o  be s u b s t i t u t e d  i n  the  equa t ions .  
Vm, and VRef of t h e  v e r t i c a l  e lements  w i l l  be independent 
1' 
For t h e  ver t ica l  r i n g ,  t h e A / 4  fo lded  monopole has t h e  same 
d i r e c t i o n a l  p a t t e r n  as a s i n g l e  1 / 4  monopole. Thei r  p a t t e r n  [2] i s  
[Z] , where COS(Jr/2  c o s  0)  f i ( @ , @ )  = f i ( 0 )  = 
s i n  0 
15 
I 
I 
I 
I 
1 
I 
1 
i I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
1 
I 
Figure 5 --An illustration of a monopole-dipole radiating element. 
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0 i s  measured from t h e  an tenna ' s  axis.  
For 8 p o l a r i z a t i o n ,  VI , Vm and VRef f o r  t h e  v e r t i c a l  r i n g  become 
4 C O S ( X / ~  C O S  8) e - j c l  Y =  
s i n  8 
4 ~0s( f iS /2  COS e) - j c m  vm = e 
s i n  0 
The v e r t i c a l  e lements  w i l l  n o t  respond t o  @ - p o l a r i z a t i o n  and 
Vi, Vm, and VRef w i l l  a l l  be zero f o r  @ - p o l a r i z a t i o n .  
From f i g u r e  6 i t  c a n  be seen, t h a t  f o r  some p o l a r i z a t i o n  o t h e r  
t h a n  8 o r  (3, t h e  v o l t a g e s  w i l l  vary  as 1 cos  CX 1 ,  where a i s  t h e  
a n g l e  between t h e  u n i t  v e c t o r  i n  t h e  e d i r e c t i o n ,  and E ( t h e  e l ec t r i c  
f i e  Id v e c t o r )  . 
and VRef f o r  any p o l a r i z a t i o n  c a n  be w r i t t e n :  vm, Therefore ,  VI , 
v = 4 J c o s  a1 C O S [ X / ~  c o s  e]  e- j c m  
m,v 
s i n  8 
where t h e  s u b s c r i p t  v denotes  t h e  ve r t i ca l  r i n g  
x/ monopole ---c 4 
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Figure  6--Coordinate System f o r  t h e  V e r t i c a l  
Monopoles. 
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For t h e  h o r i z o n t a l  r i n g ,  the h o r i z o n t a l  e lements  and t h e i r  images 
w i l l  appear as i n  f i g u r e  7. Z 
I #3 
ri 
X 
Figure  7--Horizontal  Ring o f  Dipoles  and I t s  Image 
Each element and i t s  image i s  a two element a r r a y  wi th  t h e  
elements  180' ou t  of  phase.  
element a r r a y  i n t e r s e c t s  t h e  ground p l a n e  w i l l  be t a k e n  as t h e  
phase r e f e r e n c e  o f  t h e  two element a r r a y .  
e x p r e s s i o n s  f o r  VI 
p a t t e r n  f a c t o r  and t h e  p a t t e r n  f a c t o r  of two p o i n t  sources  l o c a t e d  
a t  t h e  element  and i t s  image. 
The p o i n t  where t h e  axis of t h e  two 
The f i ( e , @ )  terms i n  t h e  
Vm, and VRef w i l l  be t h e  product  of t h e  e lement ' s  
The 1 1 2  d i p o l e  i n  f i g u r e  8 h a s  a n  element f a c t o r  g iven  by 
19 
Figure  8--Coordinate System f o r  a Dipole Along 
t h e  X-Axis .  
The t e r m  ] c o s  p i )  i s  inc luded  t o  t a k e  i n t o  account  p o l a r i z a t i o n s  
o t h e r  t h a n  those  i n  d i r e c t i o n .  
Also,  from f i g u r e  8 , i t  can be s e e n  t h a t  cos  8, = s i n  8 cos  @, 
which y i e l d s  
c o s [ ~ c / 2  s i n  G cos @ ]  
(1 - s i n *  e cos2 0 
F(B,@) = l cos  Bl1 (9) 
Elements 2 and 4 of t h e  h o r i z o n t a l  r i n g  w i l l  have a n  element f a c t o r  
as i n  ( 9 ) .  
20 
TheX/2  d i p o l e  i n  f i g u r e  9 has  a n  element f a c t o r  g iven  by 
\ 
\ 
\ 
------- 
I / I / 
I 
I 
/ 
/ 
/ 
\ \ I /  
\ I,’ \ 
---J& 
Figure  9- -Coordinate  Systemfor a Dipole Along t h e  Y-Axis. 
The term lcosf3 I encompasses p o l a r i z a t i c n s  o t h e r  t han  those  i n  
2 
t h e  a d i r e c t i o n s ,  Now 
9 Y  
cos  8 = s i n  8 s i n  4 and 
Y 
11 - s i n 2  e s in2a  
Elements 1 and 3 of  t h e  h o r i z o n t a l  r i n g  w i l l  have element f a c t o r s  
as i n  (10). 
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The p a t t e r n  f a c t o r  f o r  the two element a r r a y  o f  p o i n t  sources  
f o r  a l l  fou r  e lements  i s  t h e  same, and i s  g iven  by 
2 s i n  [ d 2  cos  e]  . 
There fo re ,  
\]I - s i n 2  e s i n 2  
d1 - s i n 2  e cos* Q 
- 
It i s  important  t o  know the angle  between % a n d a e  Y X f o r  
d i f f e r e n t  8 and @. This  angle  w i l l  be c a l l e d  f3 and B =  B2 - 
B l .  
Both t h e  u n i t  vectors-% and a w i l l  always be i n  a p lane  
X @ Y  - -  
t h a t  i s  or thogonal  t o  t h e  r a d i a l  v e c t o r  r .  %, w i l l  be i n  the  
p l a n e  which passes  through the x -ax i s  and t h e  r a d i a l  v e c t o r  7. 
aey w i l l  be i n  t h e  p lane  which passes  through t h e  y-ax is  and the  
r a d i a l  v e c t o r  r. 
p l a n e s ,  and, s i n c e  the  ang le  between two p lanes  i s  def inedC31 as 
the  ang le  between t h e i r  normals, B can  be fiound by f i n d i n g  normal 
v e c t o r s  t o  each p lane  and by s o l v i n g  f o r  t h e  ang le  between them. 
- 
The ang le  f3 i s  a l s o  t h e  ang le  between these  two 
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I /' r sin 8 sin & 
X 
Figure  10--The Coordinate System Used f o r  
1 Ca lcu la t ing  f3 and B2.  
From f i g u r e  10 w e  s e e  t h a t  7 can  be w r i t t e n  i n  C a r t e s i a n  coor- 
d i n a t e s  as 
- 
r = 171 s i n  e cos  0 i + Fl s i n  e s i n  $7 + cos e E. 
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- 
I f  we l e t  a v e c t o r  i n  t h e  x d i r e c t i o n  be A i ,  t h e n  w e  can  f i n d  
by t a k i n g  a v e c t o r  normal t o  t h e  p l a n e  conta in ing  t h e  x-axis and 
the  c ross -product  of AT and r. This  normal v e c t o r  E - i s  found t o  be 
X 
S i m i l a r l y ,  i f  w e  l e t  a vec tor  i n  t h e  y d i r e c t i o n  be BT, then  w e  
f i n d  
t o  be 
a v e c t o r  normal t o  the p l a n e  c o n t a i n i n g  t h e  y-ax is  and T, Y ’  
- - 
N = BIT( cos  e i - B s i n  e cos 0 k . 
Y 
The angle  f5 can  be found by tak ing  t h e  d o t  product  of % and 
X Y 
, 
2 - - - - s i n  8 cos  0 s i n  0 cos p = Nx * Ny - 
2 2 2 2 2 2 cos 8 + s i n  8 s i n  0 c o s  8 + s i n  8 cos 0 INXI lEyl 
(11) 
Now t h e  e q u a t i o n  f o r  VI, Vm, and V of t h e  h o r i z o n t a l  r i n g  are 
R e  f 
VLh = 4 f1(8 ,@)e  - j c  1 - 8(cosf3:,(sin[x/2 C O S C ~ ]  cos [x /2  s i n e  s i n 0 1  e- j C 1  
\I1 - s i n 2 e  s in20  
vmh = 4 f q ( e , @ ) e  - j c m  = 8 l c o s  P 1  l s i n [ x / 2  cos@] cos[x/2 s i n ]  cos01 e - j c m  
2 41 - s i n 2 e  c o s  0 
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41 - sin20 s i n  2 0 
+ 4 cos  cm ( c o s  s i n  [7r/2 c o s e l  c o s t n / 2  s i n e  cos+]  
Because of c e r t a i n  i s o l a t e d  c a s e s  when t h e  v o l t a g e s  i n  (8) 
and (12) a r e  z e r o ,  some kind  of l o g i c  must be used t o  o b t a i n  
c o r r e c t  d i r e c t i o n  informat ion .  I n s p e c t i o n  of e q u a t i o n s  (8) and 
are a l l  z e r o  when 0=0, and 'Ref,v 1 , v ,  m , v ,  
(12)  reveals t h a t  V V 
and V V-, = 0 when both B1 and f32 are n / 2 .  Because of t h e  m,h L,h 
absence of  s i g n a l  a t  @ = 0 f o r  t h i s  case, no phase measurements 
could  be made, b u t  when 8 = 0 both cos 8 ,  and c o s  eY a r e  ze ro .  
T h i s  a l lows  t h e  l o g i c  system used t o  dec ide  t h a t  both t h e  d i r e c t i o n  
c o s i n e s  are z e r o  when t h e r e  i s  no s i g n a l  from both  t h e  ver t ica l  
and h o r i z o n t a l  r i n g s .  
II 
I 
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I 
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I V .  Analys is  and Opt imiza t ion  of t h e  Feed System 
and Ind iv idua l  Antenna Elements 
To o b t a i n  optimum performance from a d i r e c t i o n  f i n d i n g  system, 
c e r t a i n  a s p e c t s  of t h e  antenna f eed  system and an tenna  elements  
should be t aken  i n t o  cons ide ra t ion .  
A .  The D.  F .  - Feed System 
The f eed  system f o r  t h e  d i r e c t i o n  f i n d i n g  system syn thes i zes  
the  vo l t ages  from which d i r e c t i o n  informat ion  i s  der ived .  The 
feed  system c o n s i s t s  of phased t r ansmiss ion  l i n e s  ( c o a x i a l  t ype ) ,  
power d i v i d e r s  and summers, and a t t e n u a t o r s .  To  understand t h e  
feed  system f u l l y ,  a n  a n a l y s i s  of t he  device  used as a power d i v i d e r  
and summer i s  necessa ry .  Since t h e  two-way, three-way, and four -  
way power d i v i d e r s  and summers (hereaf . te r  c a l l e d  mul t i coup le r s )  
f u n c t i o n  s i m i l a r l y ,  a n  a n a l y s i s  of  t he  two-way mul t i coup le r  i s  
s u  f f i c  i e n t  . 
1. Power Div iders  and Summers 
From f i g u r e  11 i t  c a n  be seen t h a t  t h e  two-way mul t i coup le r s  
c o n s i s t  of two X/4 t r ansmiss ion  l i n e s  w i t h  c h a r a c t e r i s t i c  impedance 
of 70.7 ohms connected i n  para l le l  a t  p o r t  1. A t  p o r t s  2 and 3 an  
100 ohm i s o l a t i o n  r e s i s t o r  i s  connected between t h e  c e n t e r  conductors  
o f  p o r t s  2 and 3 .  
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%-70.7 ohm line 
\ port 2 
A4-70.7 ohm line 3 
Figure  1 1 - - I l l u s t r a t i o n  o f  t h e  Two-way Mul t icoupler .  
To unders tand  how i s o l a t i o n  between p o r t s  2 and 3 i s  obta ined ,  
c o n s i d e r  the s i t u a t i o n  when power a t  t h e  o p e r a t i n g  frequency is  
a p p l i e d  t o  p o r t  2 .  
100 R r e s i s t o r  and t h e  70.7 R t r a n s m i s s i o n  l i n e .  A t  p o r t  3 t h e  
s i g n a l  i n  t h e  70 .7  R l i n e s  i s  approximately 180 
A t  p o r t  2 t h e  power i s  d iv ided  between t h e  
0 o u t  of  phase w i t h  the 
I 
1 
‘ I  
I 
I 
I 
I 
i 
I 
I 
1 
I 
1 
I 
I 
I 
I 
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s i g n a l  i n  t h e  i s o l a t i o n  r e s i s t o r ,  and when t h e  two s i g n a l s  combine 
p a r t i a l  c a n c e l l a t i o n  i s  achieved. 
I n  o rde r  t o  d e s c r i b e  o the r  f e a t u r e s  of the  mul t i coup le r  
thoroughly,  t h e  d i s t r i b u t e d  parameters of t h e  t r a n s m i s s i o n  
l i n e s  c a n  be r e so lved  i n t o  lumped parameters  through 
t r ansmiss ion  l i n e  techniques ,  and the  e q u i v a l e n t  c i r c u i t  f o r  t h e  
two-way mul t i coup le r  can  be drawn as i n  f i g u r e  12.  
port 2 
port 3 
Figure  12--Schematic Diagram of  t h e  Two-way Mul t icoupler .  
I n  f i g u r e  12  a l l  parameters are admi t tances  w i t h y o  t h e  
c h a r a c t e r i s t i c  admi t tance  of the X / 4  t r ansmiss ion  l i n e s .  
The c i r c u i t  can  be r e d r a w n  as i n  f i g u r e  13 t o  a s s i s t  i n  w r i t i n g  
t h e  equa t ions  f o r  t h e  mul t i coup le r .  
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Figure 13--Simplified Schematic Diagram of the Two-way Multicoupler. 
The steady-state equations for the circuit in figure 13 are: 
'I 
. v3 
When the multicoupler is used as a power summer, we will be 
interested in the voltage V1 with port 1 terminated in G due to 
I and 12. 1 
When port 1 is terminated in G, equations (13) become 
. 
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Solv ing  (14) f o r  V1 w e  f i n d  t h a t  
It i s  important  t o  n o t e ,  t h a t  t he  equa t ion  f o r  V has the  same 
1 
form as the  sequence v o l t a g e s ;  t h a t  i s ,  t h e  sum of c u r r e n t s  a c r o s s  
a common load.  The re fo re ,  t h e  mul t i coup le r  w i l l  f u n c t i o n  p rope r ly  
i n  s y n t h e s i z i n g  t h e  sequence vol tages .  
One undes i r ab le  c h a r a c t e r i s t i c  o f  t h i s  p a r t i c u l a r  mu l t i coup le r  
i s  t h a t  when t h e r e  i s  a p o t e n t i a l  ac ross  t h e  i s o l a t i o n  r e s i s t o r : ,  
c u r r e n t  w i l l  f low i n  the  r e s i s t o r  and power w i l l  be d i s s i p a t e d .  
and ,  s o l v i n g  (13) f o r  V2 and Vg, w e  f i n d  
From (15) i t  c a n  be concluded t h a t  t h e r e  is  no power d i s s i p a t e d  
i n  GI when I2 and I3 are equal  i n  magnitude and are i n  phase ,  b u t  
30 
whenever I2 and I3 are not  equal, PL i s  p r o p o r t i o n a l  t o  t h e  squa re  
of  t h e i r  d i f f e r e n c e .  
For de te rmining  t h e  impedance looking  i n t o  p o r t  t h r e e , t h e  
c i r c u i t  i s  shown i n  f i g u r e  14, 
F igure  14--Schematic Diagram f o r  Determining Z 3  
of t h e  Two-way Mul t icoupler  . 
and t h e  equa t ions  become, 
G 
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Solv ing  (16)  f o r  V 3  we o b t a i n  
[ G G i  + GG2 + y o 2 ]  2 2 
v3 = I 3 , where A = 4G1Y0 + GG1G2 + G2Y0 
A 
2 v3 - G G 1 +  GG2 + Y o  
I 3  
z 3 =  - - 
If matched cond i t ions  a r e  assumed ( i . e . ,  p o r t s  1 and 2 termina- 
t e d  i n  50 
d i f f e r e n t  
dZ3 - 
dG 2 
- -  
- - 
dZ3 - - 
dG2 
- -  
ohms), t h e n  Z3 = 50 
loads ,  Z 
. To f i n d  out  how Z3 varies f o r  
can  be d i f f e r e n t i a t e d  wi th  r e s p e c t  t o  G2 and G: 3 
[ G G ~  - yo212 
and s i n c e Y  A = 2 G, 
1 " 
dZ3 
dG2 
- 3  
For t h e  case when G is  20x10 mhos, - = 0 and t h e  impedance 
looking i n t o  p o r t  3 i s  independent of G2. 
te rmina ted  w i t h  a matched load, Z3 w i l l  va ry  wi th  G2. 
But, when p o r t  1 i s  ncJt 
S ince  t h e  m u l t i c o u p l e r  i s  symmetrical, t h e  i n p u t  impedance of 
p o r t  2 w i l l  be the  same as Z3. 
To f i n d  t h e  i n p u t  impedance a t  p o r t  1, t h e  c i r c u i t  i s  shown 
V 1  
11 
i n  f i g u r e  15, and Z 1 = -  . 
From t h e  expres s ion  f o r  Z1, we f i n d  t h a t  Z1 = 50 when matched 
c o n d i t i o n s  ex is t  ( i . e . ,  when p o r t s  2 and 3 are te rmina ted  i n  50 
ohms). 
To d i scove r  how Z1 v a r i e s  w i t h y 2  and Y3, Z can  be d i f f e r e n -  1 
t i a t e d  w i t h  r e s p e c t  t o y 2  o r  Y3. 
c a l ,  i n v e s t i g a t i o n  of  3 s  var i ance  w i t h y 2  i s  s u f f i c i e n t :  
S ince  t h e  mul t i coup le r  i s  symmetric- 
dZ1 
dY2 
From (16) it c a n  be seen  t h a t  - w i l l  never be z e r o ,  s i n c e  
G1 is  r ea l  and p o s i t i v e ,  and whenever Yg i s  pure ly  r ea l  i t  w i l l  
a l s o  be p o s i t i v e .  
2 .  Normal iza t ion  of  t h e  Sequence Voltages 
I n s p e c t i o n  of equa t ions  (3)  reveals t h a t  t h e  sequence v o l t a g e s  
do no t  have the  s a m e  magnitude and phase.  This d i f f e r e n c e  would 
c a u s e  V 
magnitude and phase r e s u l t s  from t h e  sequence impedances, which 
are combinat ions o f  s e l f  and mutual impedances of t he  antenna elements .  
S ince  a c c u r a t e  v a l u e s  f o r  t h e  mutual impedances of  e lements  o r i e n t e d  
l i k e  the  ones used i n  t h e  d i r e c t i o n  f i n d i n g  array are no t  a v a i l a b l e ,  
a n  exper imenta l  method of normal iza t ion  i s  needed. 
and Vm t o  be synthes ized  i n c o r r e c t l y .  The d i f f e r e n c e  i n  
1 
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I 
I 
I a.  V e r t i c a l  Ring 
The magnitude of t h e  sequence v o l t a g e s  w i l l  be normalized f i r s t ,  
and then  the  phase of t h e  sequence v o l t a g e s  w i l l  be d e a l t  w i th .  
From equa t ions  (3 )  w e  noted t h a t  
t h e  f , ( e ,@)  f o r  t h e  ver t ical  folded monopoles are a l l  t h e  same, and 
are independent  of  9. Therefore ,  
1 
where c l  =-ka s i n  8 cos  4 and cm = -ka  s i n  8 s i n e .  
If w e  l e t  0 = z/2 and (0 = 0 ,  we have 
T h i s  y i e l d s :  
I 
8 
I 
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I f  t h e  same cond i t ions  a r e  appl ied  t o  t h e  o t h e r  sequence v o l t a g e s ,  
w e  f i n d  
From t h e  equat ions  above, i t  can  be seen  t h a t  t h e  only  terms 
t h a t  a r e  d i f f e r e n t  i n  t h e  equat ions  f o r  t h e  magnitudes of  t h e  
sequence v o l t a g e s  are t h e  r e s p e c t i v e  sequence impedances. There- 
f o r e ,  i f  t h e  antenna is  o r i en ted  s o  t h a t  0 = z/2 and 4) = 0, and 
t h e  sequence v o l t a g e s  are  measured, comparison of t h e  r e l a t i v e  
ampl i tudes  of t h e  sequence vo l t ages  w i l l  enable  t h e  v o l t a g e s  t o  
be normalized.  I n  o t h e r  words, the sequence vo l t age  which has  the  
smallest magnitude c a n  be chosen as t h e  r e fe rence  and t h e  o t h e r  
v o l t a g e s  c a n  be a t t e n u a t e d  u n t i l  they  equa l  t h e  r e f e r e n c e  vo l t age .  
A f t e r  t h e  sequence v o l t a g e ' s  magnitudes have been normalized,  
the sequence v o l t a g e s  are 
I f  we a g a i n  l e t  8 = fl /2 and 0 = 0, t h e  v o l t a g e s  become 
. 
Therefore ,  w i t h  t h e  antenna o r i e n t e d  s o  t h a t  8 = x /2  and @ = 0 ,  
t h e  amount of phase t h a t  should be added t o  each vo l t age  can  be 
found by measuring t h e  phase of t h e  sequence v o l t a g e s  wi th  r e s p e c t  
t o  some r e f e r e n c e  phase,  and then comparing t h e  re la t ive phase 
a s s o c i a t e d  wi th  each sequence impedance. 
The phase s h i f t  r e q u i r e d  f o r  normalizing t h e  sequence vo l t ages  
c a n  be accomplished by i n s e r t i n g  t h e  c o r r e c t  l e n g t h  of t r ansmiss ion  
l i n e .  
b .  Hor i zon ta l  Ring 
The procedure f o r  normalizing the  sequence v o l t a g e s  o f  t h e  h o r i -  
z o n t a l  r i n g  i s  s i m i l a r  t o  t h e  procedure f o r  t h e  v e r t i c a l  r i n g ,  bu t  
i s  more complicated because the f i ( 0 , @ )  are not  independent of 0. 
A p o s i t i o n  must be chosen f o r  t r a n s m i t t i n g  s o  t h a t  none of t he  sequence 
v o l t a g e s  are ze ro .  
4) = 45'. With t h e s e  va lues  of 0 and @ w e  o b t a i n  
A good choice f o r  t h i s  p o s i t i o n  i s  8 = 45' and 
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c 1 = - ~ / 4  and cm = - ~ / 4 ,  and from equa t ions  (3)  t h e  sequence 
v o l t a g e s  become: 
I f  we o r i e n t  t h e  t r a n s m i t t i n g  an tenna  s o  t h a t  = 90°, w e  f i n d  
from e q u a t i o n  (11) that p2 = 1 6 0 . 5 O  and t h e  sequence v o l t a g e s  become: 
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Now, by a procedure analagous to the procedure used for the 
vertical ring, the sequence voltages for the horizontal ring can 
be normalized in magnitude and phase. 
C .  Attenuators 
The attenuators needed to normalized the sequence voltages in 
magnitude must meet two specifications: (1) the specified amount 
of attenuation, and (2) the correct matching impedance to the 
transmission lines feeding and terminating it. 
The specifications can be met by a simple resistive attenuator 
in a T configuration, as shown in figure (16), if the correct 
resistors are chosen. 
Figure 16--Schematic Diagram of an Attenuator 
in the T-Configuration. 
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Since  t h e  a t t e n u a t o r s  w i l l  be fed  and te rmina ted  by 50 ohm 
t r ansmiss ion  l i n e s ,  Z i n  = Zo, which imp l i e s  t h a t  R1 = R2. 
correct va lues  f o r  R1 and R3 can be found by s o l v i n g  f o r  Zin and 
N = - ; hence: 
The 
VO 
The re fo re ,  
+ RlY which impl ies  t h a t  - (zo  + R1)  R3 zo - 
Zo + R 1  + R3 
2 
R 1  + 2R1R2 - Ro2 = 0 . 
Solv ing  f o r  N w e  f i n d  t h a t  
R3 N =  
R1 + R3 + 2, 
By rea r rang ing  equa t ions  (17) and (18) ,  w e  f i n d  t h a t  i f  t he  
r e q u i r e d  s p e c i f i c a t i o n s  are t o  be m e t  t h e n  
40 
and 
' N 'I R3 = 2 Rd,, -
. N2-1 ' ' 
B. Horizonta l  Dipole  
A balanced t r ansmiss ion  l i n e  i s  necessary  f o r  f eed ing  the  
d i p o l e s .  For reasons  a l r eady  d i scussed ,  t h e  "bazooka" balun 
w i l l  be used t o  t ransform t h e  unbalanced c o a x i a l  c a b l e  i n t o  a 
balanced f eed  f o r  t h e  d i p o l e s .  
With t h e  a i d  of  f i g u r e  (17), t h e  o p e r a t i o n  of t h e  balun can  
be unders tood  by cons ide r ing  the s i t u a t i o n  t h a t  e x i s t s  when a 
v o l t a g e  i s  a p p l i e d  t o  t h e  c o a x i a l  l i n e  from t h e  d i p o l e .  
balanced dbole 
balun 3 
Figure  1 7 - - I l l u s t r a t i o n  of t h e  Balanced Feed f o r  
t h e  Hor izonta l  Dipole.  
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Since  t h e  v o l t a g e  i s  a p p l i e d  across  t h e  conductors  1 -2  of t h e  
c o a x i a l  l i n e ,  i t  i s  t r a n s f e r r e d  t o  t h e  c o a x i a l  system wi thout  
change. A t  t h e  same t i m e ,  the f a c t  t h a t  2 i s  a n  e x t e n s i o n  of t h e  
o u t e r  conductor ,  4 of  t h e  c o a x i a l  system does not  i n t r o d u c e  a n  un- 
ba lance  i n  t h e  balanced system a t  2 because,  when t h e  ba lun  i s  e x a c t l y  
a q u a r t e r  wavelength long,  t h e  impedance a c r o s s  2-3 approaches i n f i n i t y .  
That  i s ,  sleeve 3 ac ts  as a n  ex tens ion  of  4 and remains a t  t h e  ground 
p o t e n t i a l ,  whereas p o i n t  2 i s  free t o  assume any p o t e n t i a l ,  t h e  
balanced system d e s i r e s  i t  t o  have. 
It i s  v e r y  important  t h a t  t h e  d i p o l e  be balanced because t h e  
d i p o l e ' s  p a t t e r n  w i l l  be unsymmetrical i f  it i s  n o t .  The asymmetry 
would cause  t h e  s i g n a l  received by d i f f e r e n t  e lements  t o  be unequal ,  
r e s u l t i n g  i n  power be ing  l o s t  i n  t h e  i s o l a t i o n  r e s i s t o r s  of t h e  m u l t i -  
c o u p l e r s .  T h e r e f o r e ,  i t  is  important t o  choose t h e  optimum d i s t a n c e  
h i n  f i g u r e  1 7 .  
An exper imenta l  s e t u p  was c o n s t r u c t e d ,  and antenna p a t t e r n s  
and impedance measurements were recorded  f o r  v a r i o u s  d i s t a n c e s  h .  
From t h e  exper imenta l  r e s u l t s  it can  be s e e n  t h a t  t h e  d i p o l e  performs 
as d e s i r e d  u n t i l  h becomes very l a r g e .  
C .  Vertical Folded Monopole 
S i n c e  t h e  magnitude o f  t h e  s i g n a l s  used t o  d e r i v e  t h e  d i r e c t i o n  
informat ion  i s  very  s m a l l ,  i t  i s  important  t h a t  t h e  antennas t r a n s f e r  
as much power as p o s s i b l e  t o  t h e  t r a n s m i s s i o n  l i n e s .  
a f o l d e d  monopole of unequal  e lements  i s  t h a t  when t h e  r a t i o  of element 
d iameters  i s  l a r g e ,  t h e r e  i s  a l a r g e  impedance s tep-up t h a t  r e s u l t s  
A problem w i t h  
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in a sizeable mismatch with the 50 ohm transmission lines. But, 
if the bridge connecting the elements is moved closer to the 
antenna's terminals, a decrease in the impedance step-up can be 
obtained. In light of this, the impedance of a folded monopole 
of unequal elements with a movable bridge will be investigated. 
The antenna being investigated is shown in figure 18. 
element 2 
with radius a2 td '  element I 
with radius a,  
bridge 
i 
I 
Figure 18--Illustration of the Vertical Folded 
Monopole with Unequal Elements. 
The method of analysis is t o  resolve the applied voltage into 
symmetric and antisymmetric parts, and to use superposition to find 
the total current. 
The symmetric and antisymmetric voltages and currents are res- 
pectfully Vs, Va, Is, and Ia. 
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The t o t a l  v o l t a g e  V i s  
v = vs + va 
and 
which impl ies  t h a t  V, = V / 2  and V a  = V l 2 .  Moreover, t h e  t o t a l  c u r r e n t  
I i s  
I = I , + I a  . 
For t h e  symmetric c a s e ,  we have the  two elements  be ing  d r i v e n  
W e  s h a l l  assume t h a t  t h e  p o t e n t i a l  by equa l  and in-phase sou rces .  
o f  each element i n  a p lane  normal t o  t h e  a x i s  of bo th  elements  i s  
e q u a l  [ 4 ] .  There fo re ,  t h e  br idge can  be removed, and the  antenna 
2ppears  as a c lose ly-spaced ,  in-phase,two-element a r r a y ,  as shown i n  
f i g u r e  19. 
We have 
V,1 = Vs2 and I,. = n I s 1  
Now , 
‘ I  
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
1 
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Figure  19--In-Phase Array f o r  t he  Symmetric Mode. 
where Z l l  i s  self- impedance of a n  i s o l a t e d  element and 212 i s  t h e  
mutual  impedance between elements one and two. The t e rmina l  impe- 
dance of element 1 i s  
Is2  
= Zl l  + - 212 vs 1 z s l  = - 
I s  1 I s  1 
Z s l  = Z l l  + nZ12 . 
Since  t h e  d i s t a n c e  d is very s m a l l ,  Z12, Z l l ,  and 
Z s l  = Zl l ( l  + n) . 
I 
1 
I 
1 
1 
I 
I 
I 
I 
I 
I 
1 
I 
I 
I 
I 
I 
I 
I 
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I n  t h e  ant isymmetr ic  case ,  w e  have each element being d r i v e n  by 
sources  equa l  i n  magnitude, but 180' ou t  of phase,  and the  antenna 
appears  as the  s h o r t - c i r c u i t e d  s e c t i o n  o f  t r ansmiss ion  l i n e  i n  f i g u r e  20. 
J-"1 
Figure  20--Transmission Line Mode. 
The t r ansmiss ion  l inemode does not  r a d i a t e  apprec i ab ly ,  and t h e  
t e r m i n a l  impedance can  be found by t r ansmiss ion  l i n e  methods 
S ince  t h e  an tenna  does n o t  r a d i a t e ,  
5). 
and 
Z, i s  t h e  c h a r a c t e r i s  t i c  impedance of t h e  t r ansmiss ion  l i n e .  
The t e rmina l  impedance of t h e  antenna i s  Z = 1 
I 
I 
I 
I 
and 
1 
I 
I 
I 
I 
I 
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,.- 
z =  
From t h e  e q u a t i o n  f o r  Z ,  the equ iva len t  c i r c u i t  f o r  t h e  an tenna  
i s  as shown i n  f i g u r e  2 1 ,  and 
Figure  21--Equivalent C i r c u i t  of t h e  Folded Monopole. 
The impedance of  t h e  antenna can  e a s i l y  be computed i f  n and Z 
0 
are known. 
When c a l c u l a t i n g  t h e  c u r r e n t  r a t io ,  i f  i t  i s  assumed t h a t  t h e  
c u r r e n t  i s  un i fo rmi ly  d i s t r i b u t e d  over  a c r o s s - s e c t i o n a l  area f o r  
b o t h  conductors ,  t h e n  t h e  conductors can  be r ep laced  by e q u i v a l e n t  
l i n e  sources  l o c a t e d  at t he  centers of t h e  elements .  The assumption 
of uniformly d i s t r i b u t e d  c u r r e n t  does no t  t ake  i n t o  account  t he  
proximi ty  effect ,"  b u t  f o r  a first o r d e r  approximation t h e  assumption 1 1  
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should be p e r m i t t a b l e .  
The coord ina te  system f o r  t h e  an tenna  i s  as shown i n  f i g u r e  22. 
F igu re  22--Coordinate System of t h e  Vertical 
Folded Monopole f o r  t h e  C a l c u l a t i o n  of n .  
W e  s h a l l  f i r s t  show t h a t  the r a t i o  of  t h e  charges  on t h e  ele- 
ments i s  t h e  same as t h e  r a t i o  of  t h e  c u r r e n t s .  A f t e r  e s t a b l i s h i n g  
t h i s  w e  s h a l l  u s e  t h e  scalar  p o t e n t i a l  t o  c a l c u l a t e  t h e  r a t i o  o f  
cha rges .  
The e q u a t i o n  of c o n t i n u i t y  i s  
V = J + j 0 3 p = 0 .  
- 
For t h e  two l i n e  sou rces  comprising the  an tenna ,  t he  r e s p e c t i v e  
equa t ions  o f  c o n t i n u i t y  a r e  
I 
I 
I 
E 
I 
~8 
P 
1 
E 
E 
I 
I 
E 
I 
E 
~I 
, I  
' I  
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From a previous  assumption we have I 2 ( z )  = n I1(z),  
Mul t ip ly ing  (19) by n and s u b t r a c t i n g  from (21) w e  f i n d  t h a t  
q2(z) = n ql(z), which is  t h e  d e s i r e d  r e s u l t s .  
The r e t a r d e d  scalar p o t e n t i a l  a t  any p o i n t p  due t o  element 
1 i s  
W e  s h a l l  assume t h a t  t h e  charge is s i n u s o i d a l l y  d i s t r i b u t e d  
a l o n g  t h e  e lements ,  and hence the  charge  c a n  be w r i t t e n  as 
+, t) = 4, c o s  - 2Y( z cos (wt  - - 2n r) C41. x x 
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Since we are only interested in spatial variations, we can choose 
a suitable zero time, and thus the charge becomes 
and 
XI 4 
1 " r dz, where k = - 
r x 45sc 'O= k qm 
: r 1  - COS -
For simplification, we now consider all quantities to be measured 
in electrical angular degrees. 
r. 
tlr is now written 
Therefore, 2 z becomes z, and 2 r becomes x x 
Now, we make the coordinate transormation 
Then, 
d 2  - I: 
50 
By apply ing  t r igonomet r i c  i d e n t i t i e s  and r e -a r r ang ing  terms, 
w e  o b t a i n  
u2 u2 
u p  u1 
@ = k l &  - cos  ( ' r -!. cos (  r + u) du + / r 1  - cos ( r -u )du  i 2 
where u1  = -! and U2 = x / 2  - 5 . 
By t r a n s f o r m a t i o n  o f  v a r i a b l e s ,  q c a n  be p u t  i n t o  a form of w e l l  
t a b u l a t e d  ci(d and Si(x) func t ions ,  and,  f o r  t h e  f i r s t  i n t e g r a l ,  
t h i s  t r ans fo rma t ion  i s  as follows: 
2 r = u2 + ?I2 a n d r l  = uf + a*, r 2  = u2 + a2 
2 L e t  x = r + u = u + a2 + u, and 
u2 
u1 
r 1  - c o s ( r  + u)du becomes 
r + u2 
, " 2  2+u1 
cos (x) . dx - dx 
u2 + a2  , X 
=1+u 1 + 1 ,  r l +  u 1  
ll2 + a2 
r\ rl + u1 
NOW, i n  - ’ - cos  x dx r e p l a c e  x by -x 
X -00 
/” 
:(q + u1 
g i v i n g  - ‘  - cos  x dx = - Ci -(rl  + ul) ; b u t ,  because 
‘ 0 0  
X 
/ 
I ci(x) i s  a n  even f u n c t i o n ,  -ci\-(r1 + ul> j = - ci(r1 + u1) . 
Therefore  , 
A simil iar  procedure f o r  the second, t h i r d ,  and f o u r t h  i n t e g r a l s  
i n  t h e  equa t ion  f o r  @ y i e l d s :  
rsU2 
1 -,/ cos( r -u)du  = Ci(rl-ul) - Ci(r2-u2) 
u1 = 
I ru2 L s i n k - u ) d u  = Si ( r l -u1 ) -S i ( r2 -u2)  . 
-I uI r 
@ can  be p u t  i n t o  a more usable form [ 4 ]  by us ing  the  d e f i n i t i o n :  
52 
Ci(x) = y + an  X - Cin(x), where y = Eule r  c o n s t a n t .  Inco rpora t ing  
t h i s  r e s u l t  y i e l d s :  
- l n ( r l + u l )  + Cin(rl+ul) + ln(r2+u2)  - Cin(r2+u2) 
2 
+In(r -ul)  -Cin(r l -ul)- ln(r  -u  )+ Cin(r -U ) . 
1 2 2  2 2  I 
S ince  w e  are mainly i n t e r e s t e d  i n  the  r a t i o  of  charges  a t  t he  
feed p o i n t ,  we can  choose t h e  obse rva t ion  p o i n t  P i n  t h e  x-y p lane .  
-, then r2+u2 I f  it i s  a l s o  observed t h a t  -= rl-'l 
rl+ul r2-u2 
Th i s  r e s u l t s  i n  c=O. 
$ c a n  be w r i t t e n  as 
+Cin(r2-u2) 1 . 
2 
and r = 6 .  I f  i t  i s  assumed t h a t  3112 > > 6 
For 5=0, ul=O and u 2  = ?f/2; moreover, r 
1 
Since  t h e  r a t i o  of t h e  charge on element 2 t o  
= (n /2 )2  + 6 2  
then  $ becomes 
t h e  charge  on 
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element 1 i s  n ,  t he  p o t e n t i a l  due t o  element 2 is 
1 t he  t o t a l  p o t e n t i a l  i s  (0 = Jrt Jr . 
Now w e  can  r e t u r n  t o  t h e  length s c a l e  from the  angular  s c a l e  
by w r i t i n g  - 2x6 
0 i s  now w r i t t e n  as 
and 3' i n  place of 6 and 6 '  r e s p e c t i v e l y .  x x 
The c u r r e n t  r a t i o  n can  be c a l c u l a t e d  by s e t t i n g  the  p o t e n t i a l s  
a t  p o i n t s  X1 + X2 i n  f i g u r e  23 equal :  
0 X I  
Figure  23--Cross-Section of t h e  Folded Monopole. 
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S e t t i n g  @(x2)  = @(XI) y i e l d s :  
Now, l e t  bl = s2 + a 2 and b2 = a2 2  + s . 
1 
Then we f i n d  t h a t  
Now t h e  c h a r a c t e r i s t i c  impedance Zo f o r  a t r ansmiss ion  l i n e  
w i t h  a c o n f i g u r a t i o n  l i k e  t h e  br idged-fo lded  monopole must be 
c a l c u l a t e d .  
According t o  King [ 6 ] ,  the inductance  and capac i t ance  p e r - u n i t  
l e n g t h  f o r  a twin l ead  t ransmiss ion  l i n e  wi th  unequal  conductors  i s  
2 2 2  
d + a1 - a7 2 2 2  d + a2 - a1 
w i t h . $  = 42 = 9 
where d i s  t h e  d i s t a n c e  between t h e  c e n t e r s  of the  two conductors ;  
moreover,  al  and a2 a r e  the  r a d i i  of t h e  conductors .  
1 
I 
I 
I 
I 
1 
I 
I 
I 
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By knowing L and C ,  2, can be c a l c u l a t e d  by the  formula 
V. Experimental  Work and R e s u l t s  
The antenna p a t t e r n s  t h a t  were recorded f o r  use i n  t h i s  r e p o r t  
were made w i t h  t h e  antennas pos i t ioned  on a 20'  x 20 '  ground p lane .  
Although t h e  p h y s i c a l  s i z e  of t h e  ground plane l i m i t e d  t h e  v e r s a t i -  
l i t y  of t h e  exper imenta l  s e t - u p ,  t h e  d a t a  t a k e n  a t  t h e  o p e r a t i n g  
frequency of 138 MHz has  more va lue  t h a n  i f  t h e  f requency a t  which 
t h e  d a t a  was taken  had been sea led  upward and a s m a l l e r  ground plane 
used .  W e  b e l i e v e d  t h a t  t h e  bes t  r e s u l t s  could be obta ined  by working 
a t  t h e  o p e r a t i n g  frequency of 138 MHz. 
The dimensions i n  wavelengths of a 20' x 2 0 '  ground p lane  a t  
S i n c e  t h e  dimensions a r e  s m a l l  i n  138 MHz are only 2 . 2 8 1  x 2 .8X .  
terms of  wavelengths ,  t h e  s i z e  of  t h e  ground p lane  was i n v e s t i g a t e d  
e x p e r i m e n t a l l y  t o  determine i f  i t  was l a r g e  enough f o r  t h e  antenna 
t o  o p e r a t e  p r o p e r l y .  
F igures  2 4 . 1 ,  2 4 . 2 ,  and 24.3 a r e  antenna p a t t e r n s  t h a t  were 
recorded w i t h  a XI4 monopole pos i t ioned  i n  t h e  c e n t e r ,  XI4 from 
t h e  c e n t e r ,  and XI2 from t h e  c e n t e r  of t h e  ground p l a n e ,  r e s p e c t i v e l y .  
F igure  2 4  i l l u s t r a t e s  t h e  o r i e n t a t i o n  of  t h e  elements .  
F i g u r e s  2 4 . 1 ,  2 4 . 2 ,  and 24.3 r e v e a l  t h a t  t h e  smal lness  of t h e  
ground plane does have a n  e f f e c t  on t h e  p a t t e r n s .  N e v e r t h e l e s s ,  
w e  f e l t  t h a t  s i n c e  t h e  elements i n  t h e  d i r e c t i o n  f i n d i n g  a r r a y  c a n  
be spaced X / 4  from t h e  c e n t e r  of t h e  ground plane and s i n c e  t h e  
p a t t e r n  f o r  t h e  element i n  f i g u r e  2 4 . 2  i s  reasonably  symmetr ical ,  
t h e  s i z e  of t h e  ground p lane  i s  adequate .  
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monopole 
1 ground plane 
Figure  24--Orientat ion of t h e  Elements f o r  t h e  
Antenna P a t t e r n s  i n  Figures 24.1 ,  24 .2 ,  and 24 .3  
Figure 24.1--Measured rad ia t ion  pat tern  of a XI4 , 
monopole pos i t ioned  i n  the center  of  a 2.81 X 
2.81 ground plane .  
Figure 24.2--Measured rad ia t ion  pat tern  of a 114 ~~~~~~l~ 
posi t ioned 114 from the  center  of a 2.81 X 
2.8h ground p lane .  
Figure  24.3--Measured r a d i a t i o n  p a t t e r n  of  a 114 monopole 
p o s i t i o n e d  112 from t h e  c e n t e r  of a 2 . 8 1  IC 
2 . 8 1  ground p l a n e .  
59 
Figure  25--Measured p a t t e r n s  of a s i n g l e  XI4 monopole and 
a h / 4  folded monopole. 
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I n  Chapter I11 i t  was assumed t h a t  t h e  h o r i z o n t a l  and v e r t i c a l  
r i n g s  are i s o l a t e d .  AS a means of v e r i f i c a t i o n ,  t h e  i s o l a t i o n  
between t h e  r i n g s  was measured  and determined t o  be 31 dbm. 
Also i n  Chapter 3 i t  was assumed t h a t  t h e  XI4 fo lded  monopole 
has  t h e  same r a d i a t i o n  p a t t e r n  as a s i n g l e  XJ4 monopole. 
of t h i s  assumption was accomplished by p l o t t i n g  t h e  p a t t e r n  of a AI4 
s i n g l e  monopole, r e p l a c i n g  t h e  monopole by a XI4 fo lded  monopole, 
and t h e n  p l o t t i n g  t h e  p a t t e r n  o f  t h e  fo lded  monopole. 
i n  f i g u r e  25 show t h a t  the shapes of t h e  two p a t t e r n s  a r e  i d e n t i c a l .  
The d i f f e r e n c e  i n  ampli tude i s  due t o  t h e  d i f f e r e n c e  i n  t h e  e lement ' s  
impedances. 
V e r i f i c a t i o n  
The p a t t e r n s  
I n  Chapter  I V ,  S e c t i o n  B,  we noted t h a t  t h e  h e i g h t  "h" of t h e  
d i p o l e  above t h e  balum needed t o  be opt imized.  An exper imenta l  
an tenna  t h a t  would enable "h" to  be v a r i e d  whi le  t h e  h e i g h t  of t h e  
an tenna  above t h e  ground p lane  was he ld  c o n s t a n t  was c o n s t r u c t e d .  
P a t t e r n s  of th i s  an tenna  f o r  d i f f e r e n t  "h's" a r e  shown i n  f i g u r e s  
2 6 . 1 ,  2 6 . 2 ,  2 6 . 3 ,  and 26.4;  and from t h e  p a t t e r n s  i t  i s  e v i d e n t  
t h a t  t h e  d i p o l e ' s  p a t t e r n  i s  reasonably symmetrical  about  8=0 
u n t i l  h =. 1592. 
0 
Also ,  t h e  impedance of t h e  exper imenta l  d i p o l e  mentioned above 
w a s  measured f o r  v a r i o u s  "h's''. From t h e  r e s u l t s  of t h e s e  measure- 
ments shown i n  Table 1, w e  see t h a t  t h e  impedances does n o t  change 
s i g n i f i c a n t l y  and t h a t  t h e  impedances a g r e e  c l o s e l y  w i t h  King 's  
[ 7 ]  t h e o r e t i c a l  v a l u e  of 94 .1  + j72 .4 .  
6 1  
h (wavelength) .00145 .0132 .053 .159 
Impedance(ohm) 95+j64 97+j65 100+j70 110+j71 
Table  1--Impedance of  a XI4 Dipole Above a Ground P lane .  
W e  decided t h a t  t h e  optimum h e i g h t  "h" i s  .00145 1, which i s  
.125 of a n  inch  a t  138 MHz. This h e i g h t  was chosen because t h e  
p a t t e r n  a t  t h i s  h e i g h t  i s  a s  symmetrical  a s  t h e  p a t t e r n s  f o r  t h e  
o t h e r  h e i g h t s  and because the smal le r  t h e  "h" i s  t h e  c l o s e r  t h e  length  
of  t h e  ba lun  approaches 114, which i s  t h e  h e i g h t  chosen f o r  t h e  
ve r t i ca l  fo lded  monopoles. 
I n  t h e  s e c t i o n  on t h e  a n a l y s i s  of t h e  impedance of a br idged 
2ZaZ 11 ( l+n) 
Za +2Z 11 ( l+n) 
The v e r t i c a l  e lements  used i n  the d i r e c t i o n  f i n d i n g  a r r a y  had t h e  
f o l d e d  monopole, t h e  impedance was found t o  be Z = 
fo l lowing  dimensions: a1=1/16", a2=1/2", and b = 518". Using 
t h e s e  dimensions,  n was c a l c u l a t e d  as 2.59. 
b e  170 ohms. 
w a s  found t o  be (42 + j 2 2 ) .  
Zo was determined t o  
Zl l ,  t a k e n  from King's [ 81 second order  approximations,  
Using t h e s e  parameters ,  Z was c a l c u l a t e d  f o r  d i f f e r e n t  h e i g h t s ,  
" s " ,  of t h e  b r i d g e  above t h e  ground p lane  o r  antenna terminal  
The r e s u l t s  a r e  shown i n  Table  2 .  
The impedance of  a n  i d e n t i c a l  antenna was c a l c u l a t e d  by King 
[7] f o r  t h e  c a s e  when s = 
224.5  + j169.7.  
when S = 21 i n c h e s ;  and f o r  a l l  p r a c t i c a l  c o n s i d e r a t i o n s ,  21 inches  
i n  wavelengths a t  138 MHz i s  1 1 4 .  
Xl4; he found t h e  impedance t o  be Z = 
This  va lue  agrees  w i t h  t h e  v a l u e  of 2 i n  Table  2 
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S ( inch)  Z (ohm) 
6 
7 
8 
10 
12 
14  
16 
18 
21 
12.2 + j 6 3 . 4  
16.6 + j 7 3 . 4  
21.7 + j83.3 
34.6 + j103.0 
52.0 + j122.6 
75.5 + j 1 6 9 . 5  
107.6 + j158.5 
151.7 + j169 .5  
244.5 + j153.7 
Table  2--Calculated Impedance o f  a Bridged Folded 
Monopole o f  Unequal Elements.  
Admittance measurements f o r  d i f f e r e n t  v a l u e s  of "s" were made 
on a s i n g l e  element w i t h  the  dimensions g i v e n  above. These admi t tances  
a long  w i t h  their  e q u i v a l e n t  impedances a r e  shown i n  Table  3 .  These 
measurements were made w i t h  the  an tenna  p o s i t i o n e d  on a h o r i z o n t a l  
2 0 '  ,x 20'  ground p l a n e .  
S ( inch)  Y ( 10- 3mh0) 2 (ohm) 
6 
7 
8 
10 
12 
14 
16 
18 
21 
2.0 - j 7 . 5  
2 .0  - j 6 . 0  
2 .0  - j 4 . 9  
2 . 0  - j 2 . 7  
2 .0  - j 1 .4  
2.0 - j0 .02  
2.0 - j 0 . 6  
2 . 0  - j 1 . 6  
2 .0  - j 2 . 6  
33.2 + j124 .5  
50 + j l 5 0  
71.5 + 175 
177 + j239 
336 + j235 
500 + j5  
460 + j138 
305 + j244  
186 + j242 
Table  3--Measured Admittance and Impedance 
of a Bridged Folded Monopole of 
Unequal Elements . 
From t h e  admi t tance  measurements w e  see t h a t  t h e  imagninary 
p a r t  of t h e  admi t tance  d i d  change w i t h  s ,  b u t  t h e  real p a r t  d i d  not  
change.  This  v e r i f i e s  t h a t  t h e  method of ana lyz ing  t h e  antenna a s  
t h e  s u p e r p o s i t i o n  of a r a d i a t i o n  and t r a n s m i s s i o n  l i n e  mode i s  c o r r e c t .  
This can  be recognized  by cons ider ing  t h e  two impedances i n  t h e  
6 3  
e q u i v a l e n t  c i r c u i t  of f i g u r e  21 t o  be admi t tances .  The admit tance 
, i s  s o l e l y  determined by t h e  1 of t h e  r a d i a t i o n  mode, 
dimensions of  t h e  an tenna;  b u t  t h e  t ransmiss ion  l i n e  mode admi t tance ,  
2 2 1 1 (  l+n> 
1 =  1 , i s  a f u n c t i o n  of  s and p u r e l y  imagniary.  S ince  
‘a 
admi t tances  add when they are connected i n  p a r a l l e l ,  t h e  real  p a r t  
j Z o t a r r - s ,  2Tt 
>L 
of t h e  t o t a l  antenna admittance should n o t  change w i t h  s .  
Tables  2 and 3 i n d i c a t e  t h a t  t h e r e  are d i f f e r e n c e s  between t h e  
c a l c u l a t e d  and t h e  measured impedance of  t h e  an tenna .  The d i f f e r e n c e  
i s  c o n t r i b u t e d  t o  t h e  f a c t  t h a t  i n  t h e  a n a l y s i s  of t h e  antenna t h e  
ground p lane  was cons idered  t o  be i n f i n i t e  i n  s i z e ,  b u t  t h e  s i z e  of  
t h e  ground p lane  on which the measurements were made was r e l a t i v e l y  
s m a l l  as i s  i l l u s t r a t e d  i n  f i g u r e s  2 4 . 1 ,  2 4 . 2 ,  and 2 4 . 3 .  
For t h e  d i r e c t i o n  f i n d i n g  system t o  o p e r a t e  optimumly, each  
element  should be matched t o  the  t r a n s m i s s i o n  l i n e  it f e e d s  f o r  t h e  
f o l l o w i j g  reasons :  (1) s o  t h a t  a l l  t h e  power a v a i l a b l e  w i l l  be  
t r a n s f e r r e d  t o  t h e  t ransmiss ion  l i n e s ,  and ( 2 )  s o  t h a t  t h e r e  w i l l  
n o t  be a mismatch i n  t h e  feed  system caused by a m u l t i c o u p l e r  
n o t  b e i n g  te rmina ted  i n  a matched impedance. 
S i n g l e - s t u b  t u n e r s  were the d e v i c e s  used f o r  matching t h e  elements;  
and s i n c e  t h e  v e r t i c a l  and h o r i z o n t a l  r i n g s  are i s o l a t e d ,  each 
r i n g  w a s  independent ly  matched. 
For t h e  v e r t i c a l  r i n g ,  placement of  t h e  b r i d g e  on t h e  fo lded  
monopoles made i t  p o s s i b l e  t o  se lec t  a n  impedance t h a t  could be  
e a s i l y  matched. 
The procedure f o r  matching each  r i n g  was t o  t e r m i n a t e  
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each  element w i t h  a d j u s t a b l e  s i n g l e - s t u b  t u n e r ,  and t h e n  t o  
t e r m i n a t e  t h r e e  of t h e  t u n e r s  wi th  50 ohm t e r m i n a t i o n s  (which i s  t h e  
i n p u t  impedance t o  one of the mul t icouplers  when matched output  
c o n d i t i o n s  are assumed). The f o u r t h  tuner  w a s  then  a d j u s t e d  u n t i l  
t h e  antenna element was matched. A f t e r  t h a t  t u n e r  had been te rmina ted  
i n  50 ohms, one of t h e  o t h e r  t une r s  was a d j u s t e d  u n t i l  t h a t  element 
was matched. This  procedure  was cont inued u n t i l  a l l  t h e  e lements  
had been matched. 
I n  Chapter I V ,  a n  experimental  method f o r  normalizing t h e  sequence 
v o l t a g e s  w a s  d e s c r i b e d .  F o r  t h i s  method, t h e  re la t ive v a l u e s  of t h e  
f i ( 0 , O )  have t o  be known a t  some p o i n t i n g  ( a  s p e c i f i c  0 and 4 ' ) .  
Because of t h e  smal lness  i n  wavelengths o f  t h e  ground p l a n e ,  more 
a c c u r a t e  r e s u l t s  can  be obtained by a c t u a l l y  measuring t h e  f i ( 0 , 4 )  
t h a n  by u s i n g  t h e o r e t i c a l  va lues .  The f i (0 ,O)  f o r  t h e  ve r t i ca l  
r i n g  are shown i n  f i g u r e s  27 .1 ,  2 7 . 2 ,  2 7 . 3 ,  and 2 7 . 4 .  P a t t e r n s  
o f  the sequence v o l t a g e s  f o r  the ver t ica l  r i n g  are  shown i n  f i g u r e s  
2 8 . 1 ,  2 8 . 2 ,  2 8 . 3 ,  and 28.4.  
It must be p o i n t e d  out  t h a t  t h e  p a t t e r n s  a r e  p l o t t e d  i n  u n i t s  
of power, and whenever i t  i s  necessary t o  know t h e  re la t ive ampli tude 
of t h e  v o l t a g e  of  one p a t t e r n  t o  t h e  ampli tude of t h e  v o l t a g e  o f  
a n o t h e r  p a t t e r n ,  t h e  square  roo t  o f  t h e  r e l a t i v e  power may be used.  
A l s o ,  r e f e r  t o  f i g u r e  1 f o r  t h e  o r i e n t a t i o n  of t h e  an tennas .  
Except f o r  t h e  p o i n t i n g ,  the procedure used f o r  normal iza t ion  
o f  t h e  sequence v o l t a g e s  of t h e  ve r t i ca l  r i n g  i s  i d e n t i c a l  w i t h  t h e  
procedure  d e s c r i b e d  i n  Chapter  IV.  
0 = 60°, 4' = 0 .  
The p o i n t i n g  a c t u a l l y  used i s  
A f t e r  s u b s t i t u t i n g  the r e l a t i v e  magnitudes of t h e  
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Figure  2h.l--Measured p a t t e r n  of  a h o r i z o n t a l  d i p o l e  
w i t h  h = .001452 
F i g u r e  26.2--Measured p a t t e r n  of a h o r i z o n t a l  d i p o l e  
w i t h  h = .0132 X 
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Figure 26.3--Measured pattern of  a horizontal  
d ipole  with  h = .053h 
Figure 26.L-Measured pattern of a horizontal  
d ipole  with h = .159 1 
Figure 27.l--Measured radiation pattern of element 
# l  of the vertical ring. 8 db attenuation. 
Figure 27.2--Measured radiation pattern of element 
112 of the vertical ring. 9.5 db attenuation. 
Figure 27.3--Measured radiation pattern of element 
#3 of the vertical ring. lldb attenuation. 
Figure 27.4--Measured radiation pattern of element 
#4 of the vertical ring. lOdb attenuation. 
Figure 2 8 .  I--Measured pattern of Vp' 
of e and 0.  
a function 
14 db at tenuat ion.  
Figure 26.2--Measured pat tern  of V, (1) as  a funct ion 
of e and @ .  12 db a t tenuat ion .  
Figure 28.3--Measured pattern of Vv (2) as a function 
of f3 and e .  14 db attenuation. 
Figure 28.4--Measured pattern of Vv (3 )  as a function 
of f3 and 0.  1 2 . 5  db attenuation. 
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f . ( e , @ )  into equations for the sequence voltages, and after simpli- 
fication, we find 
1 
-jO3 .j9O0 e VR V(3) = (1.5) 
1 z(3) I 
Now,  by substituting the relative magnitudes of the sequence voltages, 
taken from the patterns, into the above equations, we find the relative 
magnitudes of the sequence impedances to be 
(d3)1 = (1.64)VR . 
It is the relative magnitudes of the sequence impedances that must 
be compensated for. 
From figure 2, we notice that before the sequence voltages are 
and vm, the zero sequence voltage is divided three combined into v 
1 
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ways whi le  the  o t h e r  sequence vo l t ages  are d iv ided  only two ways .  
This  r e q u i r e s  all t h e  sequence v o l t a g e s  except  do)  t o  be decreased  
by (2/3) '12.  
The a t t e n u a t i o n  needed fo r  no rma l i za t ion  of t h e  magnitudes of 
t h e  sequence v o l t a g e s  i s  
0 db 
V( 1) 1.14 db 
4 . 2  db 
3 .4  db , 
The phase a n g l e s  o f  t h e  sequence v o l t a g e s  were measured w i t h  
r e s p e c t  t o  a s u i t a b l e  r e fe rence  i n  o rde r  t o  normalize t h e  phase 
a n g l e s  of t h e  sequence vo l t ages .  These phase measurements are tabu- 
l a t e d  i n  t a b l e  4 .  
v(0) v ( l )  v(2) v(3) 
Phase Lag 180' 153' 48.4O 120.5' 
Table  4--Phase Lag o f  t h e  Sequence Voltages 
of the  Vertical Ring a t  8 = 60°, 
@=O wi th  Respect t o  Reference Phase.  
By t h e  method desc r ibed  i n  Chapter  I V  f o r  t h e  phase normali-  
z a t i o n ,  w e  found t h a t  t h e  sequence v o l t a g e s  needed t h e  fo l lowing  
phases  added 
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The s t e p s  taken  i n  normalizing t h e  sequence v o l t a g e s  of the  
h o r i z o n t a l  r i n g  are the  same as t h e  ones used f o r  t h e  v e r t i c a l  
r i n g .  The p a t t e r n s  
needed f o r  no rma l i za t ion  of the h o r i z o n t a l  r i n g  are shown i n  f i g u r e s  
2 9 . 1  through 30 .4 .  The phase measurements f o r  t h e  h o r i z o n t a l  
r i n g  a r e  i n  t a b l e  5. 
The p o i n t i n g  t h a t  was used i s  €3 = 30°, 0 = 45'. 
V ( 0 )  V( 1) v(3)  
Phase Lag 121.9' 174.1' 61.6' 123' 
Table  5--Phase Lag of t h e  Sequence 
Voltages of t he  Hor i zon ta l  Ring 
a t  9=300, @=45O wi th  r e s p e c t  
t o  Reference Phase.  
The a t t e n u a t i o n  t h a t  should be i n s e r t e d  i n  each sequence vo l t age  
of t h e  h o r i z o n t a l  r i n g  i s  
The amount of phase t h a t  should be added t o  each sequence vo l t age  
of t h e  h o r i z o n t a l  r i n g  i s  
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Figure 29.l--Measured radiation pattern of element #i 
of the horizontal ring. 13.5 dE attenuation. 
Figure 29.2--Measured radiation pattern of element 
#2 of the horizontal ring. lOdb attenuation. 
Figure 29.3--Measured r a d i a t i o n  pattern of element 
#3 o f  the horizontal  r i n g .  1 1 . 5  db at tenuat ion.  
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Figure 30.l--Measured pattern of VH (0) as a function of 
8 and @. 19.5 attenuatlon. 
Figure 30.2--Measured pattern of VH (1) as a function of 
e and e .  22.5 db attenuation. 
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Figure 30.3--Measured pattern of VH (2) . as a function of 
0 and 6. 21 db attenuatlon 
Figure 30.4--Measured pattern of VH (3) as a function of 
8 and @. 225 db attenuation. 
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-1 
F i g u r e  31--Photograph of D i r e c t i o n  F inding  
Antenna and Ground P lane  Mounted 
on Antenna P o s i t i o n e r .  
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Figure  32--Photograph of d i r e c t i o n  f i n d i n g  an tenna  
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VI. CONCLUSIONS 
A d i r e c t i o n  f i n d i n g  system t h a t  d e r i v e s  the  d i r e c t i o n  c o s i n e s  
of t h e  d i r e c t i o n  of a r r i v a l  of a r a d i o  frequency s i g n a l  has  been 
p resen ted .  S ince  t h e  d i r e c t i o n  f i n d i n g  antenna must be omni- 
d i r e c t i o n a l  and must respond t o  a s i g m l  of any g iven  p o l a r i z a t i o n ,  
t h e  an tenna  should  c o n s i s t  of a vercical and a h o r i z o n t a l  r i n g .  
Although the  use  of two r i n g s  n e c e s s i t a t e s  t he  use  of two feed  
s y s t e m s ,  i t  was decided t h a t  t h i s  i s  the  b e s t  method of f u l f i l l i n g  
t h e  s p e c i f i e d  d i r e c t i o n a l  c h a r a c t e r i s t i c s  and p o l a r i z a t i o n  r e q u i r e -  
ments .  I n  l i g h t  of t h e  low frequency of ope ra t ion ,  i t  i s  be l i eved  
t h a t  t h e  elements  used i n  t h e  d i r e c t i o n  f i n d i n g  a r r a y  are optimum. 
Although the  mul t i coup le r s  employed i n  t h e  feed system f u n c t i o n  
p r o p e r l y  i n  g e n e r a t i n g  t h e  sequence v o l t a g e s ,  they  have t h e  undes i r -  
a b l e  c h a r a c t e r i s t i c  of power d i s s i p a t i o n  i n  the  i s o l a t i o n  r e s i s t o r s .  
These mul t i coup le r s  a r e  the  bes t  a v a i l a b l e  a t  the  p r e s e n t  t i m e ,  and 
f u t u r e  work on a s i m i l a r  feed system should be d i r e c t e d  towards 
f i n d i n g  a mul t i coup le r  t h a t  does n o t  d i s s i p a t e  any power. 
The method of  normalizing t h e  sequence v o l t a g e s  o r i g i n a t e d  
w i t h  t h i s  s tudy  should  a l low accura t e  d i r e c t i o n  informat ion  
t o  be ob ta ined .  
81 
I 
1 
I 
1 
I 
I 
I 
I 
I 
I 
I 
I 
REFERENCES 
[ 11 H.P. Neff, Jr. , "A Radio Frequency Direction Finding 
S y s t em Emp loy ing Dir ec t i on C os ines I'  , Dis s er tat ion, 
Department of Electrical Engineering, Auburn University, 1967. 
[ 2 ]  John D. Kraus, Antennas (New York: McGraw-Hill Book 
Company, 1950) p. 142. 
[ 31 John F. Randolph, Calculus and Analytic Geometry 
(Belmont , California: Wadsworth Publishing Company, 1961) p. 310 
[ 41 Rudolph Guertler, "Impedance Transformation i.n Folded 
Dipoles", Pro. of the I.R.E., p. 1044, September, 1950 
[5] Ronald W. P. King, Transmission-line Theory 
(New York: Dover Publications, Inc., 1965) p. 28. 
[6] Ronald W. P. King, The Theory of Linear Antennas 
(Cambridge, Massachusetts: Harvard University Press, 
1956) p. 339. 
[ 71 Ronald W. P. King, The Theory of Linear Antennas 
(Cambridge, Massachusetts: Harvard University 
Press, 1956) p. 280. 
[ 8 ]  Ibid., p. 361. 
82 
